Novel gadolinium calcium aluminum oxynitrides, Gd 1+x Ca 1-x AlO 4-x N x , were prepared in x = 0.15-0.25 by the solid state reaction of a nitrogen-rich mixture with AlN as an aluminum source; the mixture was sintered twice at 1500
Introduction
Multinary oxynitride compounds are attracting much attention in applications such as white light emitting diodes (LEDs) [1, 2] , visible light driven photocatalysts [3, 4] , inorganic pigments [5, 6] and dielectric materials [7] [8] [9] [10] [11] [12] . The optical properties of the oxynitrides in the UV-vis range have been explained by the coexistence of nitride and oxide anions together because of the more covalent nature in nitride ion [13] . Much research on phosphor materials for LED applications has been conducted on silicon oxynitride and alumino-silicon oxynitrides as host materials [14] [15] [16] . However, study on (oxy)nitrides of especially aluminum is limited to systems such as AlN:Eu, spinel-type AlON:Mg,Mn, and BaAl 11 O 16 N:Eu [17] [18] [19] . Magnetoplumbite-type aluminum oxynitride doped with Eu was reported to be a phosphor material to have emission in multiple wavelength [20] . Neutron diffraction study showed that the emission site split because they have a slightly different coordination in the presence of both nitride and oxide ions together [21] . RE 2 AlO 3 N oxynitride (RE = La, Nd, Sm) with K 2 NiF 4 -type structure (n = 1 in Ruddlesden-Popper phase, A n+1 B n X 3n+1 ) has been prepared by firing mixtures of RE 2 O 3 and AlN in a small sealed nickel tube at a high temperature (1350 C) 4 under N 2 flow [22] . Crystal structure refinement of Nd 2 AlO 3 N using its neutron diffraction data showed an ordering of nitride and oxide ions in the reduced symmetry from I4/mmm in K 2 NiF 4 to I4mm in Nd 2 Its nitride ions are located at equatorial sites of TaO 4 N 2 octahedron, and there is only one crystallographic Sr site, (4e) [24] . Several kinds of aluminum oxides AEREAlO 4 (AE = Ca, Sr, RE = La, Nd, Sm, Gd) have also been reported to crystallize in I4/mmm space group [25] [26] [27] .
The oxynitride was found out in a preparation using a nickel tube. An alternative preparation method, such as the carbon reduction nitridation method, has been applied to prepare Nd 2 AlO 3 N and Sm 2 AlO 3 N [28] . La 2 AlO 3 N and Gd 2 AlO 3 N can be utilized as a multi-color emitting phosphor host material when they will be doped with divalent Eu. They have two crystallographic rare earth sites induced by O/N ordering, as mentioned above for Nd 2 AlO 3 N.
Photoluminescence property of divalent Eu can be controlled by changing its coordination environment such as coordination number and O/N ratio. 5 In our preliminary study, La 2 AlO 3 N has been tried to obtain in solid state reaction but there was no appearance of the oxynitride in the products prepared using a similar method described in this paper. Gd 2 AlO 3 N has not yet been obtained in the carbon reduction nitridation [28] The finely ground powder samples were put into a 0.2 mm glass capillary. The
Rietveld program RIETAN-FP [31] was used for crystal structure refinement. The crystal structures were visualized using the VESTA program [32] . The nitrogen content was measured with an oxygen/nitrogen analyzer (EMGA-620W, Horiba)
using Si 3 N 4 as a reference. Diffuse reflectance spectra were measured using a spectrophotometer (V-550, Jasco) in the range of 250-750 nm.
Results and discussion

Preparation of Gd 1+x Ca 1-x AlO 4-x N x oxynitrides
The products obtained from stoichiometric mixtures using both γ- Table 3 and shown in Fig. 5(a) , respectively. The crystal structure of GdCaAlO 4 reported by L.
Vasylechko, et al., [26] using a powder XRD pattern is also shown in Fig. 5(b) .
The oxynitride has c-axis much longer than the reported value for GdCaAlO 4 (1.19787 nm), while a-axis is almost similar between the oxynitride and oxide. (2) 1.2072 (7) a lattice parameters were calculated from the laboratory XRD data. Table 2 Refined structural parameters of Gd 
Figure Captions drawn using the reported structural parameters [26] .
